A method to identify arbuscular endomycorrhizal fungi based on the amplification of portions of the nuclear gene coding for the small subunit rRNA is presented. By coupling the sensitivity of the polymerase chain reaction and the specificity afforded by taxon-specific primers, a variety of samples can be analyzed, including small amounts of colonized roots. Family-specific primers as well as generic primers are described and can be used to amplify small subunit rRNA fragments from endomycorrhizal fungi by polymerase chain reaction. The amplified products are then subjected to single-strand conformation polymorphism analysis to detect sequence differences. Among the advantages of this approach is the possibility of directly identifying the fungi inside field-collected roots, without having to rely on the fortuitous presence of spores. This technique should have obvious applications in the study of arbuscular endomycorrhizal fungi populations and allow closer examination of their host specificity.
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The arbuscular endomycorrhizal fungi can colonize the roots of the vast majority of vascular plants, establishing a mutualistic symbiosis (11) . These fungi are classified in the order Glomales (8) within the zygomycetes, among which three families are presently recognized. Morphological characters of the large (diameter, 80 to 500 ,um) soilborne spores are the basis for the description of over 130 species of these obligatory biotrophs (10) . Recently, sequences of the gene coding for the small subunit rRNA (SSU) were obtained from 12 endomycorrhizal fungal species, and comparisons with other 18S sequences indicated that the Glomales formed a phylogenetically coherent group that originated about 400 million years ago (2, 12) .
Since we are unable to grow these fungi in pure culture, and because the spores that can be identified are produced in the soil outside the colonized roots, the identity of the endophyte inside field-collected colonized roots is difficult to determine with any degree of certainty. The development of DNA-based methods could allow the identification of endomycorrhizal fungi in otherwise intractable samples and provide a useful tool to complement the expertise of fungal taxonomists. Our approach was to combine the specificity of polymerase chain reaction (PCR) amplification of 18S gene fragments with the sensitivity of single-strand conformation polymorphism (SSCP) analysis to rapidly characterize the endophytes in colonized roots.
MATERIALS AND METHODS
Design of primers. A total of 12 nuclear genes coding for the SSU were recently sequenced from different species of endomycorrhizal fungi (12, 13) . These were aligned, and regions potentially useful for the design of taxon specific probes or primers were visually identified. One such region is illustrated in Fig. 1, along PCR with universal primers to yield overlapping singlestranded DNAs that were then sequenced as previously described (13) . The sequence was deposited in GenBank (accession no. L20824).
RESULTS
Family-specific amplification. Four taxon-specific primers (VAACAU, VAGIGA, VAGLO, and VALETC) were designed and synthesized. They were designed to be used in conjunction with the previously described Glomales-specific VANS1 primer (13) . The length of these primers was adjusted to compensate for their different base composition to yield primers of comparable melting temperatures. To verify the ability of these primer pairs to be used in a family-level identification test, purified SSU fragments previously amplified from spores of the different endomycorrhizal fungi were used as templates in PCR assays. Preliminary experiments using Taq polymerase and standard PCR conditions showed poor specificity; the expected products were always produced, but all primers also allowed amplification with some "incompatible" templates (sequenced SSU fragments that were predicted not to serve as efficient template for a given primer pair). Attempts to enhance the specificity by using higher annealing temperatures were unsuccessful. The use of a different enzyme, Vent (exo-) polymerase, allowed more specific amplification by these primers, using the same temperature profile (Table 1) . Under these conditions, the combination of presence or absence of an amplified fragment in the four separate amplification reactions performed could be used to discriminate between any of the four groups considered (Acaulosporaceae, Gigasporaceae, Glomaceae, and Glomus etunicatum). For example, a sample that produced an amplified fragment when subjected to PCR with primers VANS1-VAGLO but not with VANS1-VAACAU, VANS1-VAGIGA, or VANS1-VALETC would be classified as belonging to the Glomaceae. SSCP analysis of PCR fragments. We sought a methodology that could be used to characterize endomycorrhizal fungi without relying on prior availability of sequence information. SSCP analysis has been reported to be capable of detecting single-base substitution between homologous fragments of a few hundred base pairs (1, 3, 5, 7, 9) . Briefly, differences in homologous fragments are detected by running them on a high-resolution polyacrylamide gel under nondenaturing conditions. Since the samples are denatured immediately before the gel is loaded, the two strands of each fragment migrate separately and their rate of migration is affected by the conformation that they are allowed to adopt in the gel. This technique was applied to the characterization of the fragments amplified with the family-specific primers. By using one fluorescently labeled primer in the PCR reaction, a single strand of the amplified product was labeled during the amplification process. Following denaturation of the amplified fragments, electrophoresis on a nondenaturing polyacrylamide gel was performed on an automated sequencer that allows real-time visualization of the fluorescent molecules. Fluorescently labeled standards were added to each sample to precisely compare the migration of the fragments of interest between any of the 40 lanes available on the slab gel. An electrophoregram (Fig. 3) illustrates the differences in migration that were observed between fragments amplified with primer pair VANS1-VAACAU. SSCP analysis of the fragments allowed the distinction between Acaulospora spinosa, Acaulospora rugosa, and Entrophospora spp. but not between Entrophospora columbiana and the other Entrophospora spp. available. This reflects the presence of six substitutions between the two Acaulosporaderived fragments, while the two Entrophospora-derived fragments were absolutely identical, as predicted from their published SSU sequences. Similarly, SSCP analysis of the VANS1-VAGIGA fragments could detect differences in migration among Scutellospora dipapillosa, Scutellospora pellucida, and the Gigaspora species (data not shown), but no migration difference was observed between fragments derived from the three Gigaspora species, as predicted from their sequences.
Since there appears to be more divergence in the family Glomaceae than previously recognized, and because a limited number of sequences were available for the design of the primers VAGLO and VALETC, there is a possibility that some endomycorrhizal fungi possess 18S genes that are refractory to amplification by the aforementioned primer pairs. Consequently, another variable portion of the 18S gene was identified and primers VANS22 and VANS32 were designed to amplify a 149-to 155-bp fragment, comprising many variable sites. These primers were selected to be complementary to conserved regions of the 18S genes; the targeted fragments should be amplified from any endomycorrhizal fungi. After VANS22 was labeled with a suitable fluorochrome and the expected fragment was amplified from the 12 available endomycorrhizal fungi, SSCP analysis was conducted. Again, differences in migration were observed between fragments of similar size but differing in composition, as exemplified by the discrimination between S. pellucida, S. dipapillosa, and Gigaspora spp. (Fig. 4) 
DISCUSSION
The availability of a number of sequences of the nuclear genes coding for the SSU RNA from endomycorrhizal fungi allowed the design of family-specific primers. A small region approximately 180 bp downstream from the VANS1 primer was found to be polymorphic at the interfamily level (Fig.1) . In this region, there were substantial differences in the DNA sequences of representatives of the three recognized families, Acaulosporaceae, Gigasporaceae, and Glomaceae, while intrafamilial differences were few, except for Glomus etunicatum, which was very different from the other members of the Glomaceae. We have already suggested that G. etunicatum might eventually be placed in a separate family (12) . Consequently, four distinct groups were considered and taxon-specific amplification primers in the 18S sequences that could discriminate between them were designed. The specificity of these four primers, when used in conjunction with the Glomales-specific VANS1 primer, was tested in amplifications conducted on purified SSU fragments previously obtained from a number of endomycorrhizal fungi. When a proper polymerase is used, such as VentR (exo-), these primers reliably yield sufficient information to discriminate between the four groups of taxa considered. The observation that thermostable polymerases differ in their ability to catalyze taxon-specific amplification might be related to differences in the extent of primer mismatches tolerated. The Stoffel fragment of the Taq polymerase might also be useful as it was reported that it could only extend perfectly matched primers (6) .
Similarly, other primers or probes targeting informative portions of this same gene could be designed to discriminate between some genera or species, which might be useful in the context of controlled experiments. This strategy is dependent on the availability of sequences from all species to be identified. Unfortunately, 18S sequences are currently available from only 12 species of endomycorrhizal fungi. Consequently, a methodology that could be used to characterize endomycorrhizal fungi without relying on prior knowledge of their DNA sequence was sought. SSCP analysis is a technique that could detect sequence variation, sometimes as small as a single-base substitution, between DNA fragments ranging from 100 to 450 bp (5) . By using SSCP analysis, fragments amplified using a single primer pair could be further characterized without the need for other specific primers or probes. This was illustrated by the analysis of fragments amplified with primer pair VANS1-VAACAU, with which discrimination between related species was achieved. (Fig. 3) In order for this strategy to be applicable to the widest range of endomycorrhizal fungi, even those that might not be amenable to amplification by using the four family-specific primers described in this paper, new primers, VANS22 and VANS32, were designed to amplify a variable portion of the 18S gene of any endomycorrhizal fungus. Even though the specificity of these primers is not restricted to endomycorrhizal fungi, adequate specificity can be achieved by first amplifying a larger fragment by using VANS1-VANS22, and then using VANS22-VANS32 (Fig. 2) . The specificity of the VANS1 primer for members of the Glomales has already been established (13) . By using this approach, it was possible to characterize an endomycorrhizal fungus present in leek (A. porum) roots. SSCP analyses of both the VANS22-VANS32 and VANS1-VAGLO fragments confirmed that this endophyte was different from previously characterized species, which prompted efforts to sequence its 18S gene. Because it is based on PCR, the sensitivity of this identification procedure is theoretically sufficient to be used on very small samples of colonized roots. Extraction protocols might need to be optimized to consistently yield amplifiable fungal DNA from roots of the variety of plant species that can be colonized by endomycorrhizal arbuscular fungi. This methodology might be useful to rapidly characterize fieldcollected samples, allowing a preliminary identification of the endophytes, and to help single out those that seem novel and worth further analysis.
